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Chapter 1 
Nanotechnology 
1.1 Introduction 
Nanoscience and nanotechnology are buzzwords that popup all over the world. 
We define nanoscience as the study of phenomena and the manipulation of materials 
at atomic, molecular, and macromolecular scales, where properties differ significantly 
from those at larger scale, and nanotechnologies as the design, characterization, 
production, and application of structures, devices, and systems by controlling shape 
and size at the nanometer scale. These definitions cut across many traditional 
scientific disciplines and encompass a broad and varied tange of materials, tools, and 
approaches. Indeed, the only feature common to the diverse activities characterized as 
'nanotechnology' is the tiny dimensions on which they operate. We have therefore 
found it more appropriate to refer to " nanotechnologies". Nanotechnology is based 
on the recognition that particles less than the size of 100nm(a nanometer is a billionth 
of a meter) impart to nanostructures built from them new properties and behavior [1]. 
This happens because particles which are smaller then the characteristic lengths 
associated with particular phenomena often display new physics and chemistry, 
leading to new behavior, which depends on size. 
The first observation was that materials have been and can be nanostructured 
for new properties and novel performance. The underlying basis for this is that every 
property of a material has a characteristic or critical length associated with it. For 
example, the resistance of a material that results from the conduction electrons being 
scattered out of the direction of flow by collision with vibrating atoms and 
impurities, can be characterized by a length called the scattering length. This length 
is the average distance an electron travels before being deflected. The fiindamental 
physics and chemistry change when the dimensions of a solid become comparable to 
one or more of these characteristic lengths, many of which are in the nanometer 
range. So the electronic structures, conductivity, reactivity, melting point and 
mechanical properties have all been observed to change when particles become 
smaller than the critical size [1]. This is the basis of the quantum dot, which is a 
relatively mature application of nanotechnology resulting in quantum-dot laser 
presently used to read compact disks (CDs). 
Nanotechnology is described as a technology to prepare materials using 
nanosized building blocks (1-100 nm) for making macro size components and 
devices with better physical, chemical and biological properties when compared to 
those made from conventional bulk materials - generally known as crystalline, 
polycrystalline and amorphous materials. Nanosized building blocks in form of 
nanodot, nanowire and nanosheet having zero, one and two-dimensional structure 
respectively, involve effectively few tens to few hundreds of atoms and this gives 
rise to prominent size effect, in case, the excitation wavelength is comparable to the 
dimension of the nanostructurc. This is also termed as quantum confinement effect, 
which in turn amounts to quantization of excitation interacting with nanostructures. 
These excitations arc basically electrons, holes, phonons, excitons and photons. Size 
effect may lead to tunable material properties - material properties changing as the 
size varies. Size effect, associated with the stable material building blocks, if retained 
in its original form during various stages of material processing steps involving 
thermal, mechanical and chemical treatments, imparts extraordinary combinations of 
material properties not expected under normal conditions. It opens up a whole lot of 
newer possibilities, hitherto unknown, to realize materials with multifunctional 
properties caused by nanosized building blocks. Such materials are termed as 
nanomaterials or nanostructured materials to difTerentiate them fix)m the usual 
materials. 
There are some examples, in brief, to illustrate extraordinary properties of 
nanomaterials. Nanostructured metal alloys have very high fracture strength when 
compared to microstructured counterparts. Nanostructured catalysts are far more 
efficient and operate at relatively lower temperatures. Super hard surface coating 
have been successfully developed using nanostructured multiple thin films of hard 
materials with measured hardness exceeding over that of the diamond - the hardest 
known material. Semi conducting nanoparticles have tunable discrete energy levels, 
which could be advantageously used for their enhanced electro optical characteristics 
such as optical absorption lasing action. Nano laser on a flexible polymer sheet is the 
future form of laser devices being targeted in the present developments. UV 
absorption of nanosized titanium dioxide and zinc oxide have been exploited for 
making sun blocking creams, lotions and cosmetics besides manufacturing wrapping 
paper for keeping the food-stuff fresh for a longer duration with superior 
performances. Nanoparticles could be used for targeted drug delivery with controlled 
drug release at the desired location and lasting over a longer duration. 
Nanocomposites with variety of polymers are going to revolutionize a variety of 
industrial engineering applications besides providing better alternatives for human 
bone structures and other artificial organ transplants. Nanomaterials are found to 
possess excellent sensing properties as compared to their microstructured and bulk 
counterparts and therefore a large variety of chemical and biosensors are foreseen to 
be available soon in the market at very low cost. This will provide very reliable 
instruments to function like electronic nose and electronic tongue for industrial 
applications. Laboratory on a chip concept involving micro fluidic structures and 
appropriate nanosensors will revolutionize the medical diagnostics and human health 
care sectors to a great extent in very near future. Use of nanomaterials in paints and 
other surface coating preparations will provide scratch and corrosion resistant 
behaviour besides self- cleaning features at low cost and such coating will last much 
longer than the normal ones. Nanocomposites are being developed with self -
repairing or healing characteristics, which will enhance the life of the space vehicles 
by affecting the on -board repairs during flights and thus the space research will be 
less costly in future. 
1.2 Historical Review 
Nanotechnology deals with various structures of matter having dimensions of 
the order of a billionth of a meter. While the word NANOTECHNOLOGY is 
relatively new, the existence of functional devices and structures of nanometer 
dimensions is not new, and infact such structures have existed on the earth as long as 
life itself Nature depends fundamentally on nanostructures and processes operating at 
the nanoscale, from simple colloids such as milk to highly sophisticated proteins. 
The abalone, a mollusk, constructs very strong shells having iridescent inner surfaces 
by organizing calcium carbonate into strong nanostrucured bricks held together by 
glue made of a carbohydrate protein mix. Free nanoparticles also occur naturally as 
by-products of combustion and cooking. In some sense, nanoscience and 
nanotechnologies are not new: size dependent properties have been exploited for 
centuries. For example, Au and Ag nanoparticles (particles of diameter less than 100 
nm) have been used as colored pigments in stained glass and ceramics since lO"* 
century AD. Many chemicals and chemical processes have nanoscale features and, 
for example, chemists have been making polymers-large molecules made up of 
nanoscalar subunits- for many decades Nanotechnologies have been used to create 
the features on computer chips for the past 20 years. However, through the invention 
of imaging techniques like the scanning tunneling microscope (STM) and the atomic 
force microscope (AFM), our understanding of the nanoworld has improved 
dramatically, and this is leading to an enhanced ability to control structure at the 
nanoscale. 
It is not clear when human first began to take advantage of nanosized materials. 
In the fourth-century A.D. Roman glassmakers were fabricating glasses containing 
nanosized metals. A cup (called licurgus cup) was made from soda lime glass 
containing gold and silver nanoparticles. The color of the cup changes from green to 
deep red when a light source is placed inside it. Photography, a mature and advanced 
technology has been developed in eighteenth and nineteenth century, which depends 
on production of silver nanoparticals sensitive to light. So technology based on 
nanosized materials is really not that new. 
• In 1956, Uhlir reported first observation of porous Si having pores of nanometer 
dimensions. The porous Si was fluorescent at room temperature. 
• In 1960s, Magnetic fluids called Ferrofluids were developed, which consist of 
nanosized magnetic particles dispersed in liquids. 
• In 1965, a great scientist Richard Feynman envisioned building circuits on 
nanoscale that could be used as element in more powerful computers. 
• Inl970s, First time two-dimensional quantum wells were developed by IBM and 
Bell laboratories. 
• In 1980s, appropriate methods of fabrication of nanostructures were developed. 
• In 1985, A flillerene molecule (Ceo) was synthesized. 
• In 1986, the scanning tunneling microscope (STM) was developed by G.K. 
Binning and H.Roher at IBM laboratory and the were awarded the Nobel Prize for 
this. STM is an important tool for viewing, characterizing and atomic 
manipulation of nanostructures. 
• In 1990s, Sumio Lijima made carbon nanotubes (CNTs), and superconductivity 
and ferromagnetism were found in Ceo structures. 
• In 1996, CNTFETs have been demonstrated using carbon nanotubes in place of 
channel between source and drain electrodes in the ballistic MOSFETs. 
1.3 Applications, Developments, And Opportunities 
A large number of potential applications of nanotechno logics are now opening 
up. Much of nanoscience and nanotechnologies are concerned with producing new or 
enhanced materials. Some nanotechnology-enabled products are already on the 
market and enjoying commercial success. For example, self-cleaning windows use a 
15 nm thick coating of activated TiOa engineered to be highly water-repellent so that 
rainwater just flows off the surface, washing away the dirt. Nanoparticles are used in 
some sunscreens to reflect and absorb ultraviolet (UV) light. 
Future applications of nanomaterials include lighter, stronger materials, the use 
of nanoparticles to clean up contaminated land, and nanoengineered membranes for 
more energy-efficient water purification or desalination. 
Computer chips and CD and DVD drives are already operating at nanoscales, 
and nanoscience and nanotechnologies will continue to have a pivotal role in the 
progressive miniaturization of computer chips and the enhancement of data storage. 
There is also a huge impetus to develop alternative technology and materials to Si. 
For example, plastic electronic devices, using conducting polymers for data storage 
and transfer, are cheaper to manufacture than Si-based devices, and will be 
particularly suitable for inexpensive applications like smart cards, where speed and 
high memory capacity are less critical. It could also enable advances such as roll-up 
TV screens. 
Nanotechnology are also enabling the development of smaller, cheaper sensors, 
which will have a wide range of applications fix)m monitoring the pollution in the 
environment, the fi^shness of food, or the stresses in a building or a vehicle. 
Much interest is also focused on quantum dots, which are semiconductor 
nanoparticles that can be 'tuned' to emit or absorb particular colors of light for use in 
solar or fluorescent biological labels. 
Applications of nanotechnologies in medicines are especially promising in the 
longer term. These can be expected to enable drug delivery targeted at specific sites 
in the body so that, for example, chemotherapy is less invasive. Nanotechnology is 
expected to lead to stronger, longer-lasting implants; sensors that can be used to 
monitor various aspects of human health; and provide improved artificial cochleae 
and retinas. However, many of these applications will not be realized for at least ten 
years, partly because of the rigorous testing and evaluation that will be required. 
Antimicrobial wound dressing are already on the market in the USA. These use 
nanocrystalline Ag to provide a steady dose of ionic Ag to protect against secondary 
infections and are claimed to be effective against 150 different pathogens. 
An interesting aspect of the current decade for nanotechnologies is that, for the 
first time, there is a convergence between the two approaches to creating 
nanostructures, particles, and the systems. Top-down manufacturing, perfected by the 
semiconductor industry over the last 30 years, involves precision engineering and 
lithography to grind or cut bulk materials into tiny pieces and to etch or print 
nanoscale patterns onto them. Bottom-up manufacturing assembles nanostructures 
fh)m scratch through conventional chemical synthesis, self-assembly (chemical 
bonding to assemble structures, like crystal formation), and positional assembly 
(where atoms or groups are manipulated individually into a structure). The two 
approaches can now control product dimensions of a similar order, which opens up 
exciting new possibilities in hybrid manu&cturing. 
Materials can behave quite differently at the nanoscale to the way they do in 
bulk. This is both because the small size of the particles dramatically increases 
surface area and therefore reactivity, and also because quantum effect start to become 
significant This potential difference is just what makes them interesting to scientists. 
However, it also means that their toxicity may be different from that of the same 
chemical in the form of larger particles. There are examples where nanoparticles can 
produce toxic effects even if the bulk substance is nonpoisonous. This arises partly 
because they have increased sur&ce area and also because, should the nanoparticles 
enter the body through inhalation, or absorption through the skin, they are able to 
move around and enter cells more easily than the larger particles. It is very unlikely 
that new, manufactured nanoparticles could be introduced into humans in doses 
sufficient to cause the health effects that have been associated with air pollution. 
Another area of potential exposure to nanoparticles is through the use of some 
cosmetics and sunscreens. For example Fe^Os nanoparticles are used as a base in 
lipsticks. Nanoparticles of Ti02 and ZnO are already in use in certain sunscreens, as 
they absorb and reflect UV radiations, but are also transparent on the skin. Studies so 
far on Ti02 nanoparticles suggest that they do not penetrate the skin. However, as 
both cosmetics and sunscreens they are intended for use on undamaged skin. Thus, 
nanoparticles and nanomaterials continue to attract a great deal of attention because 
of their potential impact on an incredibly wide range of industries and markets. 
1.4 Nanotechnology In Carbon Materials 
Carbon is unique material fix)m the standpoint of Nanotechnology. It can be a 
good metal in the form of graphite, a wide gap superiiard semiconductor in the form 
of diamond, a superconductor when intercalated with appropriate guest species, or a 
flexible polymer when reacted with hydrogen and other species. Furthermore, carbon-
based electronic materials provide examples of materials showing the entire range of 
dimensionalities from flillerenes which are OD quantum dots, to carbon nanotubes 
which are 1D quantum wires, to graphite which is a 2D layered anisotropic material, 
and finally to diamond, a 3D wide gap semiconductor [2]. 
With in this family of electronic materials, fuUerenes and carbon nanotubes are 
the newest additions and are the subject of study. In the preparation of flillerenes by 
any of the conventional synthesis methods (by carbon arc discharge, laser pyrolysis, 
or combustion flames) the flillerene species of greatest abundance by far is CM, the 
most stable of the fiillerenes and the fullerene with greatest symmetry. All Ceo 
molecules are identical and can be synthesized to high purity and in large quantities 
(gram quantities) at relatively low cost, the Ceo molecule is attractive for a variety of 
nanostructure applications. 
Carbon nanotubes have great potential for nanoscale electronic applications 
because of their small diameter and versatile electronic properties. Since carbon 
nanotubes are considered as 1D quantum wires, it is possible to utilize nanotubes for 
nanowire applications in interconnecting nanoscale devices. By varying the chirality 
and diameter of carbon nanotubes, it is possible to alter the properties of the 
nanotubes fiom metallic to semiconducting. Such nanotubes could, in their own right, 
lead to nanoscopic electronic devices based on concentric semiconducting and 
metallic carbon tubules. Because the nanotubes themselves do not require any doping 
by impurities, as conventional semiconductors do, but acquire their electronic 
properties fh)m their geometry, the resulting devices should be highly thermally 
stable and have high intrinsic mobility. 
While the field of nanotechnology based on carbon nanotubes is still about half 
way between science and science fiction, it is a veiy active fest growing field whose 
promise of nanoscale molecular devices and orders of magnitude increase in the 
integration density of electronic components is too appealing to be ignored. The 
discovery of fiillerenes has given a significant boost to the field of nanotechnology by 
providing an abundance of stable, highly symmetric, non-reactive, and relatively 
large molecules that can, in principle, be manipulated one at a time. FuUerenes at 
semiconductor interfaces can be utilized to modify electronic device behavior on 
nanometer length scales. Together with other carbon structures, a new carbon based 
nanotechnology can be envisioned. 
Although fullerenes and nanotubes share many common features, their 
differences regarding structure and properties are sufficiently large. The structure and 
properties of fullerenes and carbon nanotubes are reviewed in the next chapter in the 
context of nanotechnology. 
1.5 Nanotechnology In Electronics (Nano-Electronics) 
In nanotechnology a new frontier exists on the head of pin. On this frontier 
classical laws of physics that govern the mechanics of our common experience are 
suspended. The exploration of this frontier was spawned by the integrated circuit (IC) 
revolution and the requirements of miniaturization that make ICs possible. ICs now 
pervade our lives and have enabled space flight, the information age, and that toasters 
that get it right eveiy time. Moreover, the same techniques used to integrate and 
manufacture electronics have provided us with the opportunity to fabricate micro 
machining and micro robots. The requirements of miniaturization, micro machining 
and integration are becoming more stringent as the minimum feature size (MFS) 
shrinks. For example, a Pentium® processor is comprised of about 4-million 
electronic switches, and each switch is only a few thousand atoms long. Devices this 
small are shorter than the wavelength of visible light, and consequently the 
conventional means for producing them, which employs optical lithography as a key 
element, can not be inexpensively extended to much smaller scales. Following the 
evolutionary development of technology, there have been numerous forecasts of a 
small wall near an MFS of 100 nm, beyond which conventional IC technology will 
stall because of the cost of fabrication [3,4]. Yet, there is still no consensus on a 
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revolutionary, inexpensive route for producing smaller features to breach this wall. 
An economical route to feature size 100 nm and smaller has been a primary 
motivation for research on the nm frontier. 
The transistor was invented in 1947 [5] for use as an amplifier and electronic 
switch. The invention grew in economic importance as it became a smaller, lower 
power, more reliable alternative to the mature vacuum tube technology, but for many 
years it showed lower performance and often at higher cost than the earlier 
technology. So, the transition was slow. We often talk about the revolution caused by 
the invention of the transistor, but, infact, there was a relatively gradual evolution that 
continued for decades: eg. The development of Si BJTs with a diffused emitter and 
base [6], followed by the development of plane Si transistors [7] and the MOSFET 
[8,9]. Thus, transistor became the cornerstone of modem computation and 
communications, not because it caused a revolution in electronics, but because it 
enabled the development of the integrated circuit (IC). The growth in complexity of 
Si IC technology as measured by number of transistor in a DRAM (dynamic random 
access memory) is shown in Figure 1. 
Moore's law follows this astounding trend in complexity, which states, "The 
number of transistors incorporated on a memory chip doubles every year and a half 
[10]. This has resulted fixam continual improvements in design factors such as 
interconnectivity efficiency, as well as from continual decreases in size. Economic 
considerations driving this revolution are the need for more and greater information 
storage capacity, and the need for &ster and broader information dispersal through 
communication networks. Another major factor responsible for nanotechnology 
revolution has been the improvement of old and the introduction of new 
instrumentation system for evaluating and characterizing nanostructures. 
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An important impetus that caused nanotechnology to advance so rapidly has 
been the development of instrumentation such as the scanning tunneling microscope 
(STM) that allows the visualization of the surfaces of nanometer-sized materials. 
Developments of large -scale inexpensive methods of fabrication is major challenge 
for nanotechnology if it is to have an impact on technology. 
1.6 Chemical Approaches In Nanotechnology 
At present "nanotechnology" is a vision rather than a reality. We do not have 
practical, manufacturable methods to make complex materials, machines, and 
electrical circuits on the 1-100 nm scale. However, there is a flourishing 
"Nanoscience" research effort involving ideas and methods drawn from chemistiy, 
physics, and engineering science. "Nanoscience" presently is in a discovery stage, 
uncovering new physical processes and effects, and learning how to implement these 
processes in new devices and designed materials. The key technological issue is 
control of natural processes to make assemblies of nanometer components in useful 
ways. 
The 1-100 nm "nanoscale" length is intermediate between the traditional realms 
of synthetic chemistry, and VLSI lithographic processing as employed in electronics. 
The two main approaches to nanoscience, colloquially "bottom-up" and "top-down", 
represent extensions of these methods, respectively, into the intermediate territory. 
The "top-down" approach uses lithography (e-beam, x-ray) or scan probe 
methods (AFM, STM) to create and explore nanometer structures. This approach to 
the preparation of nanostructures starts with a large-scale object or pattem and 
gradually reduces its dimension or dimensions. This can be accomplished by 
lithography technique, which shines radiation through template on to a surface coated 
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with a radiation-sensitive resist; the resist is then removed and the surface is 
chemically treated to produce the nanostructure. 
The "bottom-up" approach develops chemical synthetic "self-assembly" 
methods to create and explore nanostructure. This approach to the preparation of 
nanostructure is to collect, consolidate, and fashion individual atoms and molecules 
into the structure. This is carried out by a sequence of chemical reactions controlled 
by catalysts. It is a process that is widespread in biology where, for example, 
catalysts called enzymes assemble amino acids to construct living tissue that forms 
and supports the organs of the body. This explains how nature brings about this 
variety of self-assembly. 
One might suspect that, as object and devices decrease in size to tens and 
hundreds of atoms in diameter, chemical ideas and methods must become useful and 
efficient. For example, the semiconductor nanocrystals synthesis that is most highly 
developed, and closest to being a useful methodology, is the organometallic synthesis 
ofCdS and CdSe, both II-VI semiconductors with sp^ tetrahedral bonding and direct 
band gaps in the visible. In &vorable cases, high quality semiconductor nanocrystals 
with controlled surfaces can be made in gram amounts, and can be used as building 
blocks for new materials and devices. Nanocrystals are also used to explore the size 
dependence of electronic, optical, and structural properties. 
In the context of nanotechnology, semiconductor nanocrystals are building 
blocks. Size and choice of material determine the optical and electrical properties, 
while sur£ice chemistry detennines charge transfer and electron-hole recombination 
kinetics. The quantum mechanics of three-dimensional confinement is now 
moderately well understood. The semiconductor nanocrystals (such CdSe) family 
shows the potential of chemical synthesis to create gram amounts of high 
nanociystals, with chosen and variable sur&ce chemistiy [11]. With in ten years all 
major semiconductors should be available at this level of precision and quality. 
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1.7 From The Bottom Up: Building Things With Atoms 
The revolutions in the electronics industry and the chemical and drug 
industries have been brought about by an ability to build two kind of small things: 
molecules and electronic circuits. The challenge faced by the electronics industry is 
opposite to that feced by the chemical and drug industries. While the electronics 
industry strives to build ever-smaller circuits, the chemical and drug industries strive 
to build ever larger and more complex molecules. The electronics industry makes its 
circuits in a top down approach using lithographic techniques to whittle circuits out 
of a block of silicon, while the chemical and drug industries use the bottom up 
approach of swirling together chemical sub-units in such a way that huge numbers of 
the desired molecule or product are ultimately created. 
Atom manipulation was made possible by the invention of a most remarkable 
and versatile instrument: the scanning tunneling microscope, or STM for short [12]. 
The STM is an instrument capable of creating atomic resolution images of the surface 
of electrically conducting materials such as metals and semiconductors. 
Just as the blind person can sense not only the shape of the object, but also its 
texture, compressibility and thermal conductivity, the STM can tell us much more 
about a surface than just its shape. We can use it to study how the electrons in the 
near- surface layer have arranged themselves not only spatially, but also 
energetically. Even more remarkable, just as the blind person can push, pull, pick up 
and put down objects on a table top, so too can we push, pull, pick up and put down 
surface atoms using the tip of the microscope. Here is how it is done. 
In figure 2(A) we see a schematic illustration of an atom, which lies on top of a 
metal surface. The forces, which hold the atom to the surface, are due to the chemical 
binding of the atom to the nearby atom of the surface. These forces are schematically 
represented by springs shown in figure 2. To image this atom the tip is scanned over 
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the surface, following a trajectory shown by the dashed line in figure 2(A). Under 
these conditions the separation between the tip and the atom on the top of the surface 
(called an "adatom") are great enough so that any forces between the tip and the 
adatom are negligible, the result being that the adatom will hold still to have its 
picture taken. 
Just as there are chemical binding forces between the adatom and the nearby 
atoms of the surface, there will a chemical binding force between the adatom and the 
outermost atom(s) of the tip. In Figure 2(B) we have schematically represented the 
chemical bonding interaction between the tip and the adatom as a spring. This is 
called "tunable bond" because both the direction and the magnitude of the force 
exerted on the adatom can be tuned simply by adjusting the position of the tip. Now it 
turns out that for a wide range of adatom, and even for groups of adatom or 
molecules, it is possible to adjust the height of the tip so that in-plane force exerted by 
the tip on the adatom is great enough to overcome the in-plane forces between the 
adatom and the underlying surfece, yet at the same time the out of plane force exerted 
on the adatom by the tip is not so great as to overcome the out-of-plane forces 
between the surface and the adatom. When these conditions are achieved, it is 
possible to move the tip sideways and drag the adatom along the sur&ce. This 
process, called the sliding process, allows one to position adatoms with atomic scale 
precision. The trick is to be able to successfully switch between operating the 
microscope in an imaging mode with the tip at a height where its interaction with 
the adatom is negligible, to operating the microscope in the manipulation mode with 
the force between the tip and the adatom sufficient to drag the adatom along the 
surface under the tip. The sliding process [13] is indicated in Figure 3. 
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FIGURE 2. (A) In the imaging mode the tip is stabilized £ir enough above the sur&ce so that the 
interaction between the tip and the adatom is n^iigible. (B) In the manipulation mode the tip is 
brought close enough to the adatom to drag the adatom along the surfiice. The force exerted on the 
adatom by the tip is due to the partially formed chemical bond between the tip and the adatom. 
In order for the sliding process to work correctly, it is best to use combinations 
of adatoms and the surfaces where the lateral, or in-plane, interaction between the 
adatom and the surface is not too great The week in plane interaction between 
adatom and surface means that very little thermal shaking of the adatom would be 
required in order for the adatom to spontaneously hop fix)m site to site across the 
surface, that is. to undergo thermal diffusion. Thermal diffiision is generally 
undesirable because it causes the randomization of the location of adatom, thus 
destroying the woric of placing the adatom at particular locations. 
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FIGl RE 3. Schematic of the sliding process. The tip is placed above the adatom and then 
lowered to an empirically determined height at which the attractive interaction between the tip and 
adatom is sufficient to pull the adatom along the surface. Once the adatom is moved to its final 
location, the tip is raised back to the height used for imaging, effectively terminating the tip-
adatom interaction. 
The solution to this problem is to conduct the experiment at low enough 
temperature that the rate of themial diffusion is very slow compared to the duration of 
the experiment. This can be achieved by cooling the sample and the tip of the 
microscope to the temperature of liquid helium, some to 269 degrees centigrade 
below the freezing point of water. Cooling to liquid helium temperature introduces 
some complication in the design of the apparatus, but it brings with it a variety of 
advantages relative to the overall performance of the STM. The STM is contained in 
a vacuum vessel, which is designed lo provide a degree of vacuum sufficient to 
maintain the surface of a sample clean for weeks at a time (a metal surface exposed to 
atmospheric pressure would be contaminated with a monolayer of gas molecules in 
about one microsecond, thus the need for so called " Ultra-High Vacuum"). In 
addition, the chamber, which houses the microscope, and everything with in that 
chamber, is cooled to liquid helium temperature for the above-mentioned reasons. 
The application of atom manipulation for technological purposes is, at the moment, 
far beyond sensible consideration. On the other hand, it is likely that in the years 
ahead atom manipulation will be heavily exploited as a scientific tool. 
At present we have no concept of how to assemble nanocrystals into a 
complex, designed circuit, with anything like the generality of present micrometer 
scale lithographic silicon technology. Infact we need to convince ourselves that this is 
a practical and worthwhile goal on the nanometer scale. Over long time scales, 
unexpected discoveries can change human perspective on the importance and relative 
priority of such heroic tasks. Last time it has been realized that "quantum 
computation" offers a major scaling advantage in parllel processing, when compared 
with macroscopic computer algorithms [14]. "Quantum computation" conceptually 
operates by coherent wave function propagation in a microscopic system. Loosely 
speaking, nature herself does the computation. Perhaps some new idea such as this 
will provide the momentum necessar>' for a major assault on creation of a practical 
nanotechnology. Somehow, physics, chemistry and electronics manufacturing will 
ultimately merge on the nanometer scale. 
Final Remark 
Nanoscience and nanotechnologies offer great opportunities. Almost all 
nanotechnologies pose no risks to health or the environment. In the longer term, it is 
hoped that nanotechnologies will enable more efficient approaches to manufacturing 
using less raw materials and energy. However, we have concerns about manufactured 
nanoparticles and nanotubes that are in a form where they are free to interact with 
humans or the environment. 
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SPMs - The Scanning Probe Microscopes 
Nanotechnology is the manipulation of matter on the scale of billionth of a meter 
and aims at building things with atoms and molecules mimicking Nature's style. 
Nanotechnology is strongly driven by the SPMs with whom the nano-scale investigation 
and exploitation becomes possible. Presently there are about two dozen variations of 
SPMs but the most basic and important of these microscopes are STMs, the scanning 
tunneling microscopes and AFMs, the atomic force microscopes. 
Though the basic concepts of Nanotechnology were propounded by Feynman [I] 
in 1959, the nanotechnological activities gathered momentum during the period 1980-
1990 in which four major breakthroughs occurred. The STM was invented in 1981, the 
real quantum dot, the Ceo fullerene was caged by H. Kroto and R. Smalley [2] in 1985, 
the Atomic Force Microscope (AFM) was built, again, by Binnig and his colleagues [3] 
in 1985 and in 1990, Sumio lijima [4] discovered the wonder material, the carbon 
nanotubes (CNTs). Of these four major nanotechnological events, the inventions of STM 
and AFM have been of extreme significance because they provided the much-needed 
nano-vision. 
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A. Scanning Tunneling Microscopy (STM) 
The STM was first developed at the IBM Zurich Research Laboratory in 
Switzerland by Gerd Binnig and Heinrich Rohrer [5] in 1981. At that time STM was the 
first microscope, which could give 3-D images of electrically conducting surfaces with 
resolution in the nanometer range. 
Originally Binnig and Rohrer were interested in electrical properties of thin 
insulating layers and building a microscope was not included in their programme. It was 
during a discussion on arranging tunneling contacts that Binnig thought of vacuum 
tunneling which he then took seriously. Binnig along with Rohrer worked ceaselessly to 
achieve the experimental success whose dimensions were unknown to them. They took 
couple of weeks to realize that scanning via tunneling would deliver topographical 
images with atomic accuracy i.e. a new type of microscope was in their hands. They 
perfected the technique and gave the name Scanning Tunneling Microscope (STM). 
Strangely, as the arrival of STM was unbelievable, many scientists thought that Binnig & 
Rohrer's results were mere computer simulations! 
2.1 Principal of STM 
It is well known that a quantum mechanical wave has finite probability of 
tunneling through a thin energy barrier even though the height of the barrier is more than 
the energy of the wave. Initially, quantum tunneling through thin insulating layers was 
studied by several workers but the idea of Binnig became an unprecedented success story 
when he removed the atomic thin insulating barrier by vacuum. 
The principle of a STM is illustrated in the following Figures: 
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Figure 1. Illustration of scanning of metal tip over the surfece under study. 
Figure 2. Illustration of scanning of metal tip over the surface with output. 
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2.2 How Does A STM Work? 
The STM is an instrument capable of creating atomic resolution images of the 
surface of electrically conducting materials such as metals and semiconductors. 
However, unlike optical microscopes and their cousins the electron microscopes, the 
STM does not rely upon wave optics to form an image. Incongruously, it forms an 
image in a way that is similar to the way a blind person can form a mental image of 
an object by feeling the object. The STM achieves this feat by scanning a metal 
needle, called the "tip", across a surface while maintaining the tip with in a few 
atomic diameters of the surface (see Figure 1). This is done by making an electric 
current flow between the tip and the surface to be imaged. The magnitude of this 
electric current is very sensitive to the separation between the tip and the surface and 
thus can be used as a signal for stabilizing the height of the tip as the tip is moved 
laterally across the surface, as shown in Figure 2 and 3. 
By scanning the tip in a raster pattern over the surface and recording the 
height of the tip, an image of the topography, or shape, of the surfece can be 
recorded. Actually the STM tip is positively charged and acts as a probe when it is 
lowered to a distance of about 1 nm above the surface under study. 
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Figures. Schematic diagram of STM with electronic circuit. 
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Electrons at individual surface atoms are attracted to the positive charged of the 
probe wire and jump (tunnel) up to it, thereby generating a weak electric current. The 
probe wire is scanned back and forth across the surface in a raster pattern, in either a 
constant height mode, or a constant current mode, see Figure 4,5 [6]. 
The principle of electron tunneling is quite old and was given by Giaever [7] in 
1960. Binnig and Rohrer studied the electron tunneling through an empty space barrier 
with the two conductors being separated by nearly an atomic diameter such that there is 
not enough room for any atom to enter in between the conductors. The electron tunneling 
together with lateral scanning provides surface images with an extraordinary resolution of 
less than O.I nm. 
In an actual experimental setup, a sharp metal tip acts as probe and a tunneling 
current is produced when the tip is brought close to the conducting surface to be 
investigated, the separation being < 1 nm. The magnitude of the tunneling current 
depends on the distance between the probe tip and the specimen and therefore the motion 
of the probe tip thus maps the contours of the specimen surface with atomic resolution. 
For this purpose the probe has to be moved in a very accurate and precise manner which 
is achieved by utilizing piezoelectric properties ofthe crystals whose physical dimensions 
change by varying voltage applied across the opposite feces. The probe tip may be moved 
back and forth across the surface in raster fashion in three alternative ways: 
(i) Constant height mode 
(ii) Constant current mode, and 
(iii) Manipulation mode 
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2.3 Constant Height Mode 
In the constant probe height mode the tip is constantly changing its distance from 
the surface, and this is reflected in variations of the recorded tunneling current as the 
probe scans (see Figure 4). The feedback loop established the initial probe height, and is 
then turned off during the scan. The scanning probe provides a mapping of the 
distribution of the atoms on the surface. 
Tunneling 
current 
FIGURE 4. Constant height imaging mode of a STM. 
2.4 Constant Current Mode 
In the constant current mode the height of conducting tip above the sample surface 
is kept constant at each location, and the up / down probe variations are recorded. This 
mode of operation assumes a constant tunneling barrier across the surface (see Figure 5). 
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FIGURE 5. Constant current imaging mode of a STM 
2.5 Manipulation Mode 
STM can be used for atom manipulation, which was accidentally discovered by 
Don Eigler and Paul Weiss [8] while studying the adsorption and ordering of Xenon on a 
platinum surface. They found that the probe tip might be used to control the position of 
an atom on the top of the surface (called "adatom"). 
In the manipulation mode the tip is brought close enough to the adatom to drag the 
adatom along the surface. The force exerted on the adatom by the tip is due to the 
partially formed chemical bond between the tip and the adatom. 
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Figure 6. Dragging of adatom along the sur&ce in manipulation mode by STM. 
Just as the blind person can sense not only the shape of the object, but also its 
texture, compressibility and thermal conductivity, the STM can tell us much more 
about a surface than just its shape. We can use it to study how the electrons in the near-
surface layer have arranged themselves not only spatially, but also enei^etically. Even 
more remarkable, just as the blind person can push, pull, pick up and put down objects 
on a table top, so too can we push, pull, pick up and put down surface atoms using the 
tip of the microscope. Here, how it is done, is shown in Figure 6. 
In the manipulation mode, the force between the tip and the adatom becomes 
large enough to move the adatom along the surface and place it at the desired location. 
Eigler et al utilized this knowledge to demonstrate the ability to assemble molecules 
from their constituent atoms. Thus with STM they proved the bottom-up construction 
as predicted by Feynman was indeed a reality! They further demonstrated the capability 
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of atom manipulation by constructing a molecule made of eight cesium and eight iodine 
atoms by bringing one atom at a time by STM (see Figure 7). Eigler et. al.[9] indeed 
produced first time the sophisticated and beautiful structure which they callec} ^ 
"Quantum Corral" made from 96 iron atoms carefully positiotled on a copper surf^pe 
(see Figure 8). However, with thfe r^esBhlt level of IcttbNVledge, Eigler feels thdt niass 
mlJhufacturing by this method In foreseeable future is completely ridiculous. 
Figure 7. A molecule made of eight cesium and eight iodine atoms constructed 
by a STM taking one atom at a time. 
31 
Figure 8. A quantum corral made from 96 Iron atoms on Copper surface (Don Eigler, IBM). 
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2.6 The Tunneling Cur ren t In STM 
The STM often employs a piezoelectric tripod scanner. A piezoelectric is a 
material in which an applied voltage elicits a mechanical response, and the reverse. 
An applied voltage induces piezo transducers to move the scanning probe (or the 
sample) in nanometer increments along the x, y or z directions. The tunneling current, 
which varies exponentially with the probe surfece atom separation, depends on the 
nature of the probe tip and the composition of the sample surface. From a quantum 
mechanical point of view, the current depends on the dangling bond state of the tip 
apex atom and on the orbital states of the surface atoms. 
The tunneling current, J, in a STM is related to the voltage, V, applied between 
the specimen and the probing tip by the following relation: 
2;rhl<J 
h/ 
whenS = -p= ' ^^ =^ «10"'m 
where q = electronic charge 
1 = width of the barrier 
X = transmission coefficient 
• 5 = characteristic length for tunneling 
(Epot - Ekin) = extraction energy of an electron 
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B. Atomic Force Microscopy (AFM) 
Next to STM the most widely used technique in nano-technology is the atomic 
force microscope, which is different from STM in two important aspects. Where as a 
STM scans the surfaces with the help of tunneling current between the probe tip atoms 
and the surface atoms, the AFM on the other hand develops the images of the surface by 
measuring the ultra small forces (less than 1 nN) between the surface atoms and the 
probe. The AFM in a sense is improvement over STM that it does not require the 
specimen to be electrically conducting where as in STM both probe tip and the specimen 
surface have necessarily to be of conducting materials. 
In 1985, Gerd Binnig together with two other colleagues Ch. Gerber and C.F. 
Quate developed AFM, the atomic force microscope, which does not require the 
specimen to be electrically conducting. The AFMs can be used to scan at atomic 
resolution all the material surfaces which may be either conducting or insulating. 
2.7 Modes Of Operation Of AFM 
The interaction between tip and sample depend on the separation between the two. 
Based upon this tip- sample interaction, there are three common modes of AFM. 
(i) Contact mode 
(ii) Tapping mode 
(iii) Non-contact mode 
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The AFM can operate in a close contact mode in which the core- to-core repulsive 
forces with the surface dominate. In contact mode the AFM scans the sample surface 
with the cantilever tip remaining in its close contact and feeling throughout a repulsive 
force (see Figure 9). 
In tapping mode the cantilever is allowed to oscillate at its resonant frequency 
(-100 KHz), as shown in Figure 10. The oscillating cantilever tip taps the specimen 
surface for a very short period of time. This method is usually employed for studying soft 
samples. 
Repulsive Force 
Distance (Tip-to-Sample Separation) 
Attractive Force 
Figure 9. Inter-molecular force Curve. 
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Figure 10. Visualization of cantilever as a spring. 
In non-contact mode of AFM, the separation between the cantilever tip and the 
specimen surface is kept beyond the repulsive region of the inter-molecular force curve, 
as shown in Figure 9. In non- contact mode the relevant force is the gradient of the van -
der Waals potential. 
As in the STM case, a piezoelectric scanner is used. The vertical motions of the 
tip during the scanning may be monitored either by the interference pattern of a light 
beam from an optical fiber, as shown in Figure 11, or by the reflection of a laser beam, as 
shown in the enlarged view of the probe tip in the Figure 12. 
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Optical Fiber 
Interference CavHy 
Piczoeietric Tube Scanners 
Figure 11. Sketch of an AFM showing the cantilever ann provided with a probe tip that traverse 
the sample sur&ce through the action of the piezoelectric scanner. This Figure shows an 
interference deflection sensor. 
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Figure 12. Shons an enl;)rged \ie\^ of die caiitiJe\ cr uiui prohc tip is pio\i(.)ed with a laser beam 
deflection sensor. The sensors monitor the prohe tip ele\ations upward from the surface during 
scan. 
The AFM is sensitive to the vertical component of the surface forces. Binnig guessed 
that a cantilever with sharp tip may be bent by the forces between surface atoms and the 
cantilever tip. Knowing the force constant K of the cantilever and the magnitude of 
cantilever deflection Ax, the force between the tip and the surfaces can be calculated b\ 
Hooke's law: 
r ~ JVcantilever \^^) 
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The vertical deflection of the AFM cantilever is measured by an optical lever in 
which a laser beam is reflected off"the cantilever onto a split photodiode whose different 
signal gives the magnitude of bending, as shown in Figure 13. The specimen or the tip 
may be moved in x-, y- and z- directions with the help of a suitable piezoelectric scanner. 
The scanner works on the well-known principle of piezoelectric effect in which an 
electric field applied across the faces of the piezoelectric material results in expansion in 
one direction and contraction in other direction. 
Figure 13. Shows bending of AFM cantilever. 
A related but more versatile device called a friction force microscope (FFM), also 
sometimes referred to as a lateral force microscope (LFM), and simultaneously measures 
both normal and lateral forces of the surface on the tip. 
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The schematic diagram of AFM is shown in Figure 14. 
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Figure 14. Schematic diagram of AFM. 
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Both, STM and AFM, can provide information on the topography and defect 
structure of a surface over distances close to the atomic scale. Figure 15 shows a three 
dimensional rendering of an AFM image of chromium deposited on a surface of SiOa. 
The siurface was prepared by the laser-focused deposition of atomic chromium in the 
presence of a gaussian standing wave that reproduced the observed regular array of peaks 
and valleys on the surface [11]. 
Figure 15. Three dimensional rendering of an AFM image of nanostructure formed by laser-
focused deposition of atomic Cr in a gaussian standing wave on an SiOa surface. 
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2.8 AFM Probes 
Since the resonant frequency of AFM cantilever has to be high they should have 
low spring constant as well as low mass. These parameters depend on the shape and size 
of the cantilever and the tip. For example, a rectangular cantilever of silicon with square 
pyramidal tip may have the following measiu-ements: 
Contact AFM Cantilever Tapping Mode Cantilever 
Length = 450 ^m Length = 125 ^m 
Width = 40 urn Width = 30 ^m 
Thickness =1-3 jim Thickness =1-3 nm 
Resonance Frequency = 6-20 KHz Resonance Frequency = 6-20 KHz 
Spring Constant = 0.22-0.66 N/m Spring Constant = 0.22-0.66 N/m 
Most commonly used materials for making AFM cantilevers are Si, Si3N4 and 
diamond. The parameters that determine the resonant frequency of a cantilever are shape, 
density and Young's modulus. Of these materials, silicon nitride (Si3N4) is a preferred 
material for the cantilevers because of its low cost and environmental friendliness 
especially with organic and biological samples. The common types of AFM tips are 
shown in Figvu-e 16. 
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Figure 16. Common Types of AFM Tips (Jean-Paul Revel, Caltec) 
2.9 SPMs Based On STMs And AFMs 
Based on the principles of STMs and AFMs, two dozen scanning probe microscopes 
have been developed by measuring a local property of interest in each case for various 
scientific and industrial applications. For example the local property in such instruments 
may be orientation of magnetic domains with magnetic force microscope (MFM), 
differences in elastic modulii with a force modulation microscope (FMM), and difference 
in chemical forces across a surface in chemical force microscope (CFM). Some important 
SPMs are: 
1. STM 
2. AFM&LFM 
3. SEFM-Scanning electrostatic force microscope 
4. SFAM-scanning force acoustic microscope 
5. SMM- scanning magnetic force microscope or MFM- magnetic force microscope 
6. SNOM-scarming near field optical microscope 
7. SThM- scanning thermal microscope 
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8. SEcM- scanning electrochemical microscope 
9. SKPM-scanning Kelvin probe microscope 
10. SCFM-scanning chemical force microscope 
11. CFM -chemical force microscope 
12. SICM-scanning Ion conductance microscope 
13. SCM-scanning capacitance microscope 
14. FMM-force modulation microscope 
The Comparison of Conventional Microscopes with SPM is shown in Table 1. 
Table 1. Comparison Of Conventional Microscopes Witli SPM 
Comparison of Conventional Microscopes with SPM 
Optical TEM 
$250,000 
50-70 years 
SPM 
Magnification 
Price 
Technology Age 
10^  
$10,000 
200 years 
10' 
$100,000 
20 years 
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FuUerenes And Carbon Nanotubes 
In this chapter we review carbon materials from the standpoint of nanotechnology. 
The unusual features of carbon materials stem from the ability of carbon to form 
materials with vastly different structures and hence with vastly different properties. The 
major focus of this chapter is on the ability of carbon to form zero dimensional quantum 
dots of sub nanometer dimensions in the form of fullerenes, and one-dimensional 
quantum wires in the form of carbon nanotubes. Graphite is the ground state for a system 
containing a huge number of carbon atoms; there is a large energy per carbon atom 
associated with the edge sites for a small graphene sheet (defined as a s ingle i solated 
layer of the graphite lattice). Thus, to avoid the occurrence of edge sites, small numbers 
of carbon atoms form closed shell configurations such as fiillerenes and carbon nanotubes 
[see Figure 1]. The structure and properties of ftillerenes and carbon nanotubes are 
reviewed in this chapter in the context of nanotechnology. 
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A. Fullerenes 
3.1 Fullerenes (€50) As Nanostructures 
Fullerene solids differ from conventional electronic materials because, in common 
with most polymeric materials, the fullerene molecule is the fundamental building block 
of crystalline phase. Unique features about fullerenes include the structural perfection and 
reproducibility of these sub nanometer building blocks. 
In the preparation of fullerenes by any of the conventional synthesis methods (by 
carbon arc discharge, laser pyrolysis or combustion flames) the fullerene species of 
greatest abundance by far is Ceo, the most stable of the fullerenes and the fullerene with 
the greatest symmetry [1]. Every CM molecule is identical, except for the possible 
presence of the '^C isotope, with a 1.1% natural abundance, which can substitute 
randomly for '^C in the caged molecule. CM molecules thus form a very small (0.71 nm 
diameter) monodisperse nanostructure of high (icosahedral Ih) symmetry. Since all Ceo 
fullerene molecules (0.7 nm diameter) are identical to one other, they perhaps represent 
the most reproducible currently available nanostructure. The Cbo is already attractive for 
use as a monodisperse, reproducible, self assembled nanostructure. Present trends of 
rapidly decreasing costs and increasing purity through better and cheaper fabrication 
technology are making Ceo even more attractive relative to other nanostructures for 
specific applications. An attractive feature of fullerenes is their ready accessibility to 
doping, charge transfer, and the resulting control of the electronic properties of the 
nanostructures. As a result of their unique structures and properties, potential applications 
for fullerene based electronic materials are suggested. Because of the simplicity of Ceo 
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relative to other fiiUerenes and its relatively high abundance, most of the discussion of 
fuUerenes in this review is for Ceo. 
3.2 Structure Of C 60 
The Ceo molecule has been named fullerene after the architect and inventor R. 
Buckminster Fuller who designed the geodesic dome that resembles the structure Ceo [2]. 
Originally the molecule was called buckminsterfullerene, but this name is a bit unwieldy, 
so it has been shortened to fullerene. A sketch of the Ceo fullerene molecule shown in 
Figure (la). 
To a good approximation, the 60 carbon atoms in Ceo are located at the vertices of a 
regular truncated icosahedron. The average nearest neighbor carbon-carbon (C-C) 
distance ac-c in Ceo is very small (~0.144nm) and is almost identical to that in graphite 
(0.142 nm). Each carbon atom in Ceo (and also in graphite) is trigonally bonded to three 
other carbon atoms and 20 of the 32 faces on the regular truncated icosahedron are 
hexagons, the remaining 12 beings pentagons. Thus, we may consider the Ceo molecule 
as a " roUed-up" graphene s heet ( a s ingle 1 ayer o f c rystalline g raphite) w hich forms a 
closed shell, in keeping with Euler's theorem, which states that a closed surface 
consisting of hexagons and pentagons has exactly 12 pentagons and an arbitrary number 
of hexagons [3]. 
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(a) CBO 'h Osfl (b) C70 Dsh (c) Ceo Dsd 
(d) Armchair Nanotube Dsh 
Figure 1. (a) C«), (b) C70, (c) Cgo, (d) A carbon nanotube. Here DSD is a subgroup of the icosahedral group 
Ih, exhibiting inversion symmetry. 
The introduction of pentagons gives rise to curvature in forming a closed surface. 
To minimize local curvature the pentagons become separated from each other in the self-
assembly process, giving rise to the isolated pentagon rule, an important rule for 
stabilizing Ceo clusters. The high reproducibility of Ceo in the self-assembly process 
relates to the fact that the smallest cluster to obey the isolated pentagon rule is Ceo and 
that there is only one way to assemble 60 carbon atoms in a closed cage configuration 
which obeys the isolated pentagon rule. The structure is shown in Figure (la). The 
diameter of Ceo molecule is 0.710 nm, treating the carbon atoms as points [4,5,6]. 
From Euler's theorem it follows that the smallest possible fiiUerene is C20 which 
would form a regular d odecahedron w ith 12 p entagonal faces [ 7], b ut t his s tructure i s 
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energetically unfavorable in accordance with isolated pentagon rule, because of its high 
local curvature and high strain. Since the addition of a single hexagon adds two carbon 
atoms, all fullerenes Cnc must have an even number of carbon atoms Uc, in agreement 
with the observed mass spectra for fullerenes [8]. An estimate for the diameter of a 
flillerene can be obtained from the relation for an icosahedral fuUerene 
I15n, 
a. = a . 
2n 
Where Ec-c =0.144 nm is the average nearest neighbor carbon- carbon distance. Each 
fullerene Cuc can thus be considered as a nanostructure with diameters less than 3 nm for 
nc< 10 .^ Although each carbon atom in Ceo is equivalent to every other carbon atom, the 
three bonds emanating from each atom are not equivalent [see Figure 1(a)]. Each of the 
four valance electrons of each carbon atom is engaged in covalent bonds, so that two of 
the three bonds on the pentagon perimeter are electron- poor single bonds, and one 
between two hexagons is an electron- rich double bond. Since each carbon atom has its 
valance requirements fiiUy satisfied, a solid composed of Ceo molecules is expected to 
form a Van der waals- bonded crystal which is noncoducting (an insulator or a 
semiconductor). 
3.3 Alkali-Doped Ceo 
It has been found [9] that the intercalation of alkali metals into Ceo to a 
stoichiometiy M3C60 (where M = K, Rb, Cs) greatly modifies the electronic properties of 
the host fullerenes and yields a conducting material with a relatively high 
superconducting transition temperature [10]. In the intercalation process, the guest 
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species is introduced into the interstitial positions between adjacent molecules (exohedral 
locations). 
In fact a soccer ball has the same geometric configuration as fiillerene. These ball 
like molecules bind with each other in the solid state to form a crystal lattice having a 
face centered cubic structure shown in Figure 2. In the lattice each Ceo molecule is 
separated from its nearest neighbor by 1 nm (the distance between their centers is 1 imi), 
and week forces called Van der waals forces holdthem together. In the face centered 
cubic fiillerene structure, 26 % of the volume of the unit cell is empty, so alkali atoms can 
easily fit into the 
OCTAHEDRAL 
SITE 
TETRAHEORAL 
SITE 
Figure 2. Crystal lattice unit cell of €«, molecules (large spheres) doped with alkah atoms (dark circles). 
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empty spaces between the molecular balls of the material. When Ceo crystals and alkali 
metal (such as potassiimi metal) are placed in evacuated tubes and heated to 400° C, 
potassium vapor diffuses into these empty spaces to form the compound K3C60. Thus, the 
Ceo crystal is an insulator, but when doped with an alkali atom it becomes electrically 
conducting. Figure 2 shows the location of the alkali atoms in the lattice where they 
occupy the two vacant tetrahedral sites and a larger octahedral site per Ceo molecule. In 
the tetrahedral site the alkali atom has four surrounding Ceo balls, and in the octahedral 
site there are six surrounding Ceo molecules. When Ceo is doped with potassium to form 
K3C60, the potassium atoms become ionized to form K^ and their electrons become 
associated with the Ceo, which becomes a Ceo^ triply negative ion. Thus each Ceo has 
three extra electrons that are loosely bonded to the Ceo, and can move through the lattice 
making Ceo electrically conducting. In this case the Ceo is said to be electron-doped. 
Charge transfer can take place between the M atoms (where M = K, Rb, Cs) and the 
fuUerene molecules, so that the M atoms become positively charged ion and the 
molecules become negatively charged anions with predominately-delocalized electrons. 
With exohedral doping, the conductivity of fuUerene solids can be increased by 
many orders of magnitude [11]. Among the alkali metals, Li, Na, K, Rb, and Cs and their 
alloys have been used as exohedral dopants for Ceo [12,13]. The doping of the Ceo with 
alkali metals can be achieved in a two-temperature oven, similar to the apparatus used to 
prepare alkali-metal graphite intercalation compounds [11,14]. Doping fuUerenes with 
acceptors has been more difficult than with donors because of the high electron affinity of 
Ceo (see table 1 and 2)[1]. Although a very few stable compounds with acceptor- type 
dopants have been synthesized [15,16], acceptor doping has not been important for the 
synthesis of electronic materials based on fullerenes. 
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Table 1. Physical Constants For Crystalline C6o 
S.No. Quantity Value 
1 Fee lattiee constant 1.417 nm 
2 Ceo-Ceo distanee 1.002 nm 
3 Work funetion 4.7 ±0. l ev 
4 Thermal eonductivity (300K) 0.4 W/mk 
5 Eleetrical eonduetivity (300K) 1.7xlO''S/cm 
6 Melting temperature 1180"C 
Table 2. Physical Constants For Ceo FuUerene Molecules 
S.No. Quantity Value 
1 Average C-C distance 0.144 nm 
2 C-C bond length on a pentagon 0.146 nm 
3 C-C bond length on a hexagon 0.140 nm 
4 Ceo mean molecular diameter 0.710 nm 
5 Moment of inertia I 1.0x10"" kg m^ 
6 Volume per Ceo 1.87xlO"/cm^ 
7 Number of distinct C-C bonds 2 
8 Binding energy per atom 7.40 eV 
9 Electron affinity 2.65 ± 0.05 eV 
10 Ionization potential 7.58 eV 
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D 
Figure 3. Structural models for various endoftiUererves. (a) With M atom at the center of the Cw (b, c) 
With the M atoms at two different off-center positions in Ceo. (d) With three M atoms at different 
postions in Cso. 
Regarding metallofullerenes, many guest species can be inserted into the interior 
hollow core of the Ceo molecule to form an endohedrally doped molecular unit, and the 
insertion o f o ne, t wo, o r t hree m eta! s pecies i nside a s ingle f ullerene c age is common 
[17]. The endohedral fullerene configuration has, for example, been denoted by La@C6o 
for one endohedral lanthanum in Ceo, or, Y2@C82 for two Y atoms inside a Czz fullerene. 
[see Figure 3]. 
3.4 Superconductivity In €50 
Superconductivity is a state of matter in which the resistance o\ a sample becomes 
zero, and in which no magnetic field is allowed to penetrate the sample. The latter 
manifests itself as a reduction of the magnetic susceptibility x of the sample to x = -1 (in 
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the MKS system). The first reported superconductor in the flillerene family was K3C60 
with Tc ~ 19 K [10], and subsequent work has revealed superconductivity with Tc ~ 40 K 
in CssCeo under a pressure of 12 kbar [18]. Figure 4 shows the drop in magnetization 
indicative of the presence of superconductivity [19]. 
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Figure 4. Magnetization versus temperature for KjCso showing the transition to the 
superconducting state. 
It was found that many alkali atoms could be doped into the lattice, and the 
transition t emperature i ncreased t o a s h igh a s 3 3 K i n C S2RbC6o- A s t he r adius o f t he 
dopant alkali atom increases, the cubic Ceo lattice expands, and the superconducting 
transition temperature goes up. Figure 5 is a plot of the transition temperature versus the 
lattice parameter [19]. 
( Ace. 
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Figure 5. Transition temperature of A3C60 versus lattice parameter, where A is an alkali atom. 
(10A°=lnm). 
The discovery of superconductivity in these compounds further spurred research 
activity in the field of Ceo related materials. 
3.5 Synthesis Of Fullerenes 
Synthesis methods for fullerenes are rapidly improving, thereby increasing yields 
and lowering costs. Likewise, separation and purification methods are also improving 
rapidly making available Ceo samples with purities well beyond 99 %. Through the use of 
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scanning tunneling microscopy (STM), physical measurements on periodic arrays of 
higher mass fullerenes and metallofiiUerenes can be made. 
FuUerenes are usually synthesized using an arc discharge between graphite 
electrodes (20V, 6 OA) i n approximately 2 001orr o f H e g as. The heat generated at the 
contact point between the electrodes evaporates carbon to form soot and fullerenes, 
which condense on the water-cooled walls of the reactor. This discharge produces a 
carbon soot which contains up to -15 % fullerenes: Ceo (-13 %) and C70 (~2 %). The 
fullerenes are next separated from the soot according to their mass (which is proportional 
to the number of carbon atoms in the fuUerene molecule) using liquid chromatography 
and a solvent such as toluene for the chromatography column. Extraction and purification 
steps follow the separation to yield powder samples of specific fullerenes. 
Metallofullerenes are prepared by endohedral doping of guest species such as 
alkali metal ions into the interior of the fuUerene molecule. The synthesis is carried out 
by impregnating the positive electrode with graphite powder mixed with the desired 
dopants. During the arc discharge process, the dopant species are released into the plasma 
gas and becomes entrained within the fullerenes. Sophisticated liquid chromatography 
techniques are used for concentrating the minute amoimts of a given metallofullerene that 
are prepared in the synthesis process, which is followed by further separation and 
purification steps [20]. Thus far, only small quantities of endohedrally-doped fullerenes 
have been prepared and only limited investigations of the physical properties of 
endohedrally-doped materials have been reported [20]. Property measurements of 
fullerenes are made either on powder samples, films or single crystals. Ceo powder is 
obtained by vacuum evaporation of the solvent from the solution. Single crystals and 
polycrystalline films are then prepared from these purified powders. FuUerene films are 
prepared by vacuum sublimation of the fullerenes on substrate selected for the specific 
use of the fihns. 
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3.6 Crystalline Cgo 
In the crystalline phase, the Ceo molecules have cubic structure with a lattice 
constant of 1.417 nm, a nearest neighbor Ceo - Ceo distance of 1.002 nm [21] and a 
density of 1.72 g/cm^ At room temperature, the molecules rotate rapidly with full 
rotational freedom, and the centers of the molecules are arranged on a face centered cubic 
(fee) lattice with one Ceo molecule per primitive fee unit cell [see figure 6(a)], or 4 
molecules per simple cubic unit cell [see figure 6(b)]. 
(a) fee lattice 
OQ 
(b) sc lattice 
z 
• 
3 ^ )w^* 
Go 
Figure 6. Crystal structures for (a) the high temperature fee phase of Cao and (b) the low temperature sc 
phase of Cfeo-
3.7 Applications Of Fullerenes 
Since all Ceo molecules are identical and since Ceo can be synthesized to high purity 
and in large quantities (gram quantities) at relatively low cost, the Ceo molecule is 
attractive for a variety of nanostructure applications. Since Ceo molecules strongly 
bonded internally, chemically inert, neariy spherical, and nonpolar due to symmetry, and 
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considered to be nanostructures of nanometer size which can be manipulated using STM 
probe tips, just as is done for noble gas atoms. Moreover, some other manipulation may 
be possible for Ceo that are not possible for any other species. For instance, it has been 
proposed, that a Ceo molecule can be "rolled" (diffused) along a suitable ionic substrate 
by a rotating external electric field, utilizing the large size and polarizability of Ceo as 
shown in Figure 7. 
I direction of the external 
electric field f 
0 O 0 O ©O0O ©O0O 0 O 0 O 
O0O0iO©O©iO©O©iO©o© ©Q©© © 0 © 0 © © © O © O 0 Q 
weakly polar substrate 
b) c) d) 
Figure 7. Shows the principle of moving C^o molecules by a rotating external electric field. The successive 
directions of the field are shown in (a) through (d). 
It has been proposed that nanocrystalline Ceo islands grown on certain types of 
substrate could be used as transport devices for fabrication process of nanometer sized 
machmcs. Fuilerenc based nanodevices may be capable of biological interfacing. 
Fullerenes could also be used to enhance the resolution of STM tips, utilizing the uniform 
structure of the Ceo molecules. 
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B. Carbon Nanotubes 
3.8 Carbon Nanotubes As Nanostructi 
cures 
In addition to quantum dot OD fullerene nanostructures, there is a possibility to 
synthesize cyhndrical tube of graphene sheet (carbon nanotube), which can be classified 
as ID quantum wires. The field of carbon nanotubes research was greatly stimulated by 
the initial report of the experimental observation of carbon nanotubes [22] and the 
subsequent report of conditions for the synthesis of large quantities of nanotubes [23,24]. 
Various experiments carried out thus far (high resolution TEM, STM, resistivity, Raman 
scattering and susceptibility) are consistent with identifying the carbon nanotubes with 
rolled up cylinders of graphene sheets of sp^ bonded carbon atoms. They can be prepared 
both as monolayer, called single wall nanotubes (SWNTs) and multilayer nested 
concentric, called multi wall nanotubes (MWNTs). The earliest observations of carbon 
nanotubes with very small (nanometer) diameter [22] were based on high-resolution 
transmission electron microscopy (TEM) measurements, providing evidence for 
micrometer long tubes, with cross sections showing several concentric coaxial tubes and 
a hallow core. In Figure 8, the observations of multilayer concentric carbon nanotubes are 
shown. Here we see only multi-layer carbon nanotubes, but one tube has only two coaxial 
carbon cylinders as shown in Figure 9. 
A single-wall nanotube is defined by a cylindrical graphene sheet with a diameter of 
about 0.7-10.0 nm, though most of the observed SWNTs have diameters < 2 nm. If we 
neglect the two ends of a carbon nanotube and focus on the large aspect ratio of cylinder 
(ie. Length/diameter, which can be as large as lO'-lO'). these nanotubes can be 
considered as one- dimensional nanostructures 
60 
^ Electron beam 
Figure 8. The observation of N concentric carbon nanotubes with rarious inner diameters, (a) N = 5. (b) N 
= 2, (c) N = 7. Each cylinder is described by its diameter and chiral angle The sketch (d> indicates how 
interference pattern for the parllel planes are used to determine the chiral angle 6. which is the angle 
between the tube axis and the nearest zigzag axis defined in Figure 10(a). 
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MULTI WALLED CARBON NANO TUBES 
Figure 9. Illustration of a nested nanotube in which one tube is inside the another. 
3.9 Structure Of Carbon Nanotube 
The structure of carbon nanotubes has been explored by high resolution TEM and 
STM, yielding direct confirmation that the nanotubes are cylinders derived from the 
honeycomb lattice (graphene sheet). Although carbon nanotubes are not actually made by 
rolling graphene sheets, they can be described as graphene sheets rolled into a cylindrical 
shape so that the structure is one-dimensional with axial symmetry, and in general 
exhibiting a spiral conformation, called chirality. The chirality is given by a single vector 
called the chiral vector. The chirality of a carbon nanotube is conveniently explained in 
terms of ID unit cell as shown in Figure 10(a). 
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The circumference of any carbon nanotube is expressed in terms of the chiral 
vector, which is given by 
Q = nd^ + ma^ = («, m), (n, m are integers, 0< | m | < n) 
Where a, and a^are unit vectors. The chiral vector connects two crystallographically 
equivalent sites on a 2D graphene sheet [see Figure 10 (a)] [25]. The construction in 
Figure 10 shows the chiral angle 0 betweenQ and the zigzag direction (^ = 0°) and unit 
vectors a, and a^of hexagonal honeycomb lattice. An ensemble of chiral vectors 
specified by pairs of integers (n, m) denoting the chiral vector C^ is given in Figure 
10(b), in which the encircled dots denote metallic behavior of tubes while small dots are 
for semiconducting tubes [26]. hi Figure 10(a), the unrolled honeycomb lattice of 
nanotube is shown, in which OB is the direction of the nanotube axis, and the direction 
of OA corresponds to the equator. The vectors OA and OB define the chiral vector C^  
and the ID translation vector T of a carbon nanotube respectively. The translation vector 
T is defined to be the unit vector of ID carbon nanotube. The vector f is parllel to the 
nanotube axis and is normal to the chiral vector Q in the honeycomb lattice in Figure 
10(a). The lattice vector T shown as OB in the Figure 10(a) can be expressed in terms 
of basis vectors a, and QJ ^ • 
where ti and t2 are integers. The translation vector f corresponds to the first lattice point 
of 2D graphene sheet through which vector OB (normal to the chiral vector Q ) passes. 
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vp 
® :metal • isemiconductor armchair' 
Figure 10. (a) The Chiral vector OA or g is defined on die honeycomb lattice of carbon atoms by unit 
vectors a, and Oj and the chiral angle 9 with respect to the zigzag axis. Along the zigzag axis G = 0°. 
Also the translation vector 05 = f is shown along tube axis, (b) Possible vectors specified by the pairs of 
integers (n, m) for general carbon nanotubes, including zigzag, armchair, and chiral tubes. The encircled 
dots denote metallic while the small dots are for semiconducting tubes. 
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3.10 Classification Of Carbon Nanotubes 
An interesting and essential fact about the structure of a carbon nanotube is the 
orientation of the six-membered carbon ring (hereafter called a hexagon) in the 
honeycomb lattice relative to the axis of the nanotube [27]. Three examples of single wall 
carbon nanotubes (SWCNTs) are shown in Figure 11. 
Figurell. Classification of carbon nanotubes: (a) armchair, (b) zigzag, and (c) chiral nanotube. 
From the Figure 11, it can be seen that the direction of the six-membered ring in 
the honeycomb lattice can be taken almost arbitrarily, without any distortion of the 
hexagons except for the distortion due to the curvature of the carbon nanotube. This fact 
provides many possible structxu-es for carbon nanotubes, even though the basic shape of 
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carbon nanotube wall is cylinder. The termination of each of the three nanotubes are 
shown in Figure 11. The terminations are often called caps or end caps and consist of a 
"hemisphere" of a fullerene. Each cap contains six pentagons an appropriate number and 
placement ofhexagons that are selected to fit perfectly to the long cylindrical section. 
The cylinder cormecting the two hemispherical caps is formed by superimposing the two 
ends of the vector C^ and the cylinder joint is made along the two lines OB and AB in 
Figure 10(a). These two lines are perpendicular to the vector Q at each end [25]. The 
chiral tube, thus generated has no distortion of bond angles other than distortions caused 
by the cylindrical curvature of the tube. Differences in chiral angle 6 and in the tube 
diameter give rise to differences in the properties of the various tubes. With the help of 
Figure 10(b), the carbon nanotubes can be classified in terms of chiral angle 0 and (n, m) 
integers for chiral vector Q . hi (n, m) notation for vector Q , the vectors (n, 0) or (0, m) 
denote zigzag nanotube (chiral angle ^ = 0°) and the vectors (n, n) denote armchair 
nanotube (the armchair tube corresponds to chiral angle of ^ = 30°). All other vectors (n, 
m) correspond to chiral nanotubes. A classification of carbon nanotubes in terms of chiral 
angle 9 and integer (n, m) is given in table 3. 
Table 3. Classification Of Carbon Nanotubes 
S.No. Type of Nanotube Chiral angle 9 Ch Shape of cross- section 
1 Zigzag 0" (n,0) Trans t y p e / ^ ^ , y \ / \ 
2 Armchair 30" (n,n) Cis type / \ / \ 
3 Chiral 1 0" < \0\ < 30" (n,m) Mixture of cis and trans. 
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3.11 Mathematical Analysis 
(i) To And out tube diameter (dt) 
We know that the chiral vector Q (along OA) in Figure 10 (a) is defined as: 
Q = «a, +md2 (1) 
and the translation vector f (along OB) is defined as: 
f = t,a,+t,a, (2) 
It is noted here thai «, and a^ are not orthogonal to each other their inner products yield: 
a^.a^ =0^.02=0 ; Opa^ = — (3) 
where "a" is a lattice constant of honeycomb lattice and given by 
« = a.-cV3 (4) 
where ac-c i s the nearest neighbor distance between two carbon atoms in the lattice and 
numerically equal to 1.44 A°, so 
0 = 1.444" xS = 2.49A" (5) 
If L be the circumferential length of the tube, tube diameter di is given by 
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d,=- (6) 
where L can be obtained by using equations (1) and (3) as 
L = Q = ^ JC^.Cf, = ayjn' +m^ +nm (7) 
hence, using (4), (6) and (7), the tube diameter is given by 
I 
d, =^a^_^{n^+m'+rimy In (8) 
For example, the diameter of armchair (5,5) is di = 6.88 A°. 
(ii) The Chirai angle (9) 
The Chirai angle 0 is defined as the angle between the vectors Qand a, with 
values of 6 in the range 0° < \9\ < 30", because of the hexagonal symmetry of the 
honeycomb lattice. The Chirai angle 0 denotes the tilt angle of the hexagons with respect 
to the direction of the nanotube axis, and the angle 0 specifies the spiral symmetry. The 
Chirai angle 0 is defined by taking the inner product of Q and a,, to yield an expression 
for (co5 ^) as: 
^ Q • a, In + m 
cosO = —^—-
Q a,I lyjti'•\-m'^ •\-
(9) 
nm 
sing= , ^ " ; (10) 
2V« +m +nm 
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tan 6* = 2n + m 
^ = tan" 2n + m 
(11) 
(12) 
(iii) The Number of hexagons "N", per unit cell of a chiral tube specified by integer (n, 
m) is given by 
N = 
2{m^ -»rn^ +nm) (13) 
where da is given by 
dp = 
d if n-m is not a multiple of 3d 
3d if n-m is a multiple of 3d 
(14) 
introducing "d" as the greatest common divisor (gcd) of n and m, and we note that each 
hexagon contains two carbon atoms. As an example, application of equation (13) to the 
(5,5) and (9,0) tubes yields values of 10 and 18 respectively, for N. These unit cells of the 
ID tube contain, respectively, 5 and 9 unit cells of the 2D graphene lattice, each 2D unit 
cell containing two hexagons of the honeycomb lattice. 
3.12 Synthesis Of Carbon Nanotubes 
Carbon nanotubes can be made by laser vaporization synthesis method, carbon arc 
method, and chemical vapor deposition method. These methods are explained as follows. 
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(i) Laser Vaporization Synthesis Method 
An efficient way for the synthesis of bundles of single-wall carbon nanotubes with 
a narrow diameter distribution employs the laser vaporization of graphite target. Figure 
12 illustrates the apparatus for making carbon nanotubes by laser evaporation. 
A quartz tube containing argon gas and a graphite target is heated to 1200°C. 
Contained in the tube, but somewhat outside the furnace, there is a water-cooled copper 
collector. The graphite target contains small amount of cobalt and nickel that act as 
catalytic nucleation sites for the formation of the tubes. An intense pulsed laser beam is 
incident on the target, evaporating carbon from the graphite. Flowing argon gas then 
sweeps the carbon atoms fi"om the high temperature zone to the copper collector on which 
they condense into nanotubes. Tubes 10-20 nm in diameter and 100 ^m long can be made 
by this method. 
FUht,'ACE 
ARGON GAS 
WATER COOLED 
COPPER COLLECTOR 
GRAPHITE TARGET 
QUARTZ TUBE 
Figure 12. Experimental arrangement for synthesizing carbon nanotubes by laser evaporation. 
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(ii) Carbon Arc Method 
The carbon arc provides a simple and traditional tool for generating the high 
temperature needed for the vaporization of carbon atoms into plasma (>3000"C)[23-24]. 
This technique has been used for the synthesis of single-wall and multi-wall carbon 
nanotubes [28]. The cross-sectional view of carbon arc generator to synthesize carbon 
nanotube is shown in Figurel3. 
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Figure 13. Cross-sectional view of a carbon arc generator that can be used to synthesize 
carbon nanotubes. 
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Typical conditions for operating a carbon arc for the synthesis of carbon 
nanotubes include the use of carbon rod electrodes of 5-20 mm diameter separated by ~1 
mm with a vohage of 20-25 across the electrodes and a dc electric current of 50-120 A 
flowing between the electrodes. The arc is typically operated at 500- ~ torr pressure of 
flowing helium with a flow rate of 5-15 ml/s for cooling purpose. Carbon atoms are 
ejected from the positive electrode and form nanotubes on the negative electrode. As the 
tube forms, the length of the positive electrode decreases, and a carbon deposit forms on 
the negative electrode. For the multi-wall carbon nanotube synthesis, no catalyst need be 
used, but to produce single-wall carbon nanotubes, a small amount of cobalt, nickel or 
iron is incorporated as a catalyst in the central region of the positive electrode. This 
method can produce single-wall nanotube of diameters 1-5 nm with a length of 1 ^m. 
(iil) Chemical Vapor Deposition Method 
The chemical vapor deposition method involves decomposing a hydrocarbon g as 
such as methane (CH4) at 1100°C. As the gas decomposes, carbon atoms are produced 
that then condense on a cooler substrate that may contain various catalysts such as iron, 
cobah and nickel. This method produced tubes with open ends, which does not occur 
when other methods are used. This procedure allows continuous fabrication, and may be 
the most favorable method for scale up and production. 
(iv) Other Synthesis Method (Ion Bombardment Technique) 
Another method of nanotube synthesis relates to the use of carbon ion bombardment 
to make carbon whiskers [29]. Carbon whiskers are known as a graphite material with 
crystallinity whose diameter is ~ 0.1-1 \xm and several mm in length, hi the ion 
bombardment technique, carbon is vapori/ed in vacuum through ion or electron 
irradiation, and the resulting deposit containing carbon nanotubes, along with other 
structures is collected on a cold surface. Little is known about the optimization of the ion 
bombardment technique in relation to the preparation of nanotubes. 
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3.13 Electrical Properties 
Carbon nanotubes have the most interesting properties that they are metallic or 
semiconducting, depending on the diameter and chiraHty of the tube. Synthesis generally 
results in a mixture of the tubes two third of which are semiconducting and one third 
metallic. The metallic tubes have the armchair structure shown in Figure 11(a). hi the 
metallic state the conductivity of the nanotubes is very high. It is estimated that they can 
carry billion amperes per square centimeter. Copper wire fails at one million amperes per 
square centimeter because resistive heating melts wire. One reason for the high 
conductivity of the carbon nanotube is that they have very few defects to scatter 
electrons, and thus a very low resistance. High currents do not heat the tubes in the same 
way that they heat copper wires. An important result pertaining to semiconductor 
nanotubes, shows that their energy gap depends upon the reciprocal nanotube diameter dt: 
£^=i i -^ (15) 
independent of the chiral angle of the semiconducting nanotube, where a^_^ = o/ v3 is 
the nearest neighbor C-C distance on a graphene sheet, and |r| is the nearest neighbor C-
C tight binding overlap energy. Equation (15) indicates that as the diameter of the tube 
increases, the band gap decreases. 
3.14 Mechanical Properties 
Carbon nanotubes are very strong. They have Young's moduli ranging from 1.28 
to 1.8 TPa [2]. One terapascal (TPa) is a pressure very close to !0^ times atmospheric 
pressure. Young's modulus of steel is 0.21TPa, which means that Young's modulus of 
carbon nanotube is almost 10 times that of steel. This would imply that carbon nanotubes 
are very stiff and hard to bend. However, this is not quite true because they are so thin. 
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When carbon nanotubes are bent, they are very resiHent. They can be straightened back 
without any damage, because they have so few defects in the structure of their walls. 
Another reason why they do not fracture is that as they are bent severely, the almost 
hexagonal carbon rings in the walls change in structure but do not break. This is a unique 
result of the fact that the C-C bonds are sp^ hybrids, and these sp^ bonds can rehybridize 
as they are bent. 
Strength is not the same as stiffiiess. Young's modulus is measure of how stiff a 
material is. Tensile strength is a measure of the amount stress needed to pull a material 
apart. The tensile strength of carbon nanotubes is about 45 billions pascals. High strength 
steel alloys break at about 2 billion pascals. Thus carbon nanotubes are about 20 times 
stronger than steel. 
3.15 Applications Of Carbon Nanotubes 
(i) MOSFETs (CNTFETs) 
A CNTFET is the analogue of silicon MOSFET in which SWCNTs replace the 
silicon channel. The feasibility of designing field-effect transistor (FETs), the switching 
components of computers, based on semiconducting carbon nanotubes connecting t^ '^o 
gold electrodes, has been demonstrated. An illustration of the device is shown in Figure 
14. When a small voltage is applied to the gate, current flows through the nanotube 
between the source and drain. It has been found that a small voltage applied to the gate 
can change the conductivity of the nanotube by a factor of > 1x10^, which is comparable 
to S i- F ield E ffect T ransistor. 11 h as b een e stimated t hat t he s witching t ime of these 
devices will be very fast, allowing clock speed of a terahertz, which is 10"* times faster 
than present processors. 
With respect to FETs, nanotubes do not have surface dangling bonds, as silicon 
does, and so there is no need to mainly use silicon dioxide (Si02) as the gate insulator. 
74 
Other crystalline or amorphous insulators with higher dielectric constants can be used 
instead. This implies that one can get higher performance in CNTFETs without having to 
use ultra thin Si02 gate insulating films. In addition, CNTFETs may make new 
applications possible. For example, semiconducting SWCNTs, unlike silicon, are direct-
gap materials and, as such, they directly absorb and emit light, thus possibly enabling a 
future optoelectronics technology based on SWCNTs. 
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Figure 14. Illustration of CNTFET 
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(ii) Battery Technology 
Carbon nanotube have applications in latest battery technology. Lithium, which is a 
charge carrier in some batteries, can be stored inside nanotubes. It is estimated that one 
lithium atom can be stored for every six carbons of the tube. Storing hydrogen in 
nanotubes is another possible application. 
(iii) Field Emission 
Carbon nanotubes have field emission effect. One application of this effect is the 
development of flat panel display. Samsung company in Korea is developing a flat panel 
display using the electron emission of carbon nanotube. A Japanese company is using this 
electron emission effect to make vacuum tube lamps that are as bright as conventional 
light bulbs, and longer-lived and more efficient. 
(iv) Catalysis 
Nanotube serve as catalysts for some chemical reactions, chemical reactions have also 
been carried out inside nanotubes. For example. Cadmium Sulfide (CdS) crystal has been 
formed in side nanotubes by reacting Cadmium Oxide (CdO) crystal with hydrogen 
sulfide gas (H2S) at 400''C. 
Final Remark 
Keeping in views the imique electrical and mechanical properties, it can be 
concluded that carbon nanotubes are very attractive to both fimdamental science and 
technology. The applications discussed earlier, will, of course, require inexpensive bulk 
fabrication of nanotubes. 
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Chapter 4 
Analysis Of Carbon Nanotube Based Nanodevices 
Carbon nanotube [1] constitute a fascinating new class of materials with a broad 
range of potential applications. Recently the research of carbon nanotubes (CNTs), 
narrow seamless graphene cylinders with nanometer-size diameter and millimeter-size 
length as constituents of nanoscale materials and structure, has attracted much attention. 
They are predicted to have unprecedented potential practical applications in nano-
electronics for developing nano-electronic devices. 
A scanning tunneling microscope (STM) is used to explore the local electrical 
characteristics of single-wall carbon nanotubes (SWCNTs). By moving the STM tip 
along the length of the nanotubes well defined positions can be found where the transport 
current changes abruptly fi-om a graphite-like response to one that is highly nonlinear and 
asymmetrical, including near perfect rectification. 
Electronically, nanotubes are expected to behave as ideal one-dimensional (ID) 
"quantum wires" with either semiconducting or metallic behaviors, depending on 
geometrical tube parameters [2-4]. The joining of dissimilar tubes could result in non-
linear junction devices formed fix)m only a handfiil of carbon nanotubes (see Figure 1). 
It has been suggested that localized defects, such as pentagon-heptagon pairs, can 
be the basis of nanoscale nanotube devices [5-8]. Individual single-wall carbon nanotubes 
(SWCNTs) can act as conducting quantum wires, single-electron tunneling transistors 
(SETs), and spin electronic devices [9-12]. It can also be used as a conducting channel 
connecting the drain and source electrode in a MOSFET (CNTFET). A combination of 
nanotubes can act as rectifiers [13] or more complex multi-terminal devices [14]. 
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However, for rational design of these devices, it requires a fundamental understanding of 
the electrical and magnetic properties of CNTs and how they depend on their structural 
parameters such as the diameter, number of concentric shells, chirality of tubes etc. Some 
carbon nanotube based nanodevices are: 
A. Nanotube Junction 
4.1 Net Diagram Of A Nanotube Junction 
Connecting two single-wall carbon nanotubes is an interesting problem, since a 
semiconductor-metal junction is realized by connecting a semiconductor and a metal 
carbon nanotube. In Figure 1, the junction between two carbon nanotubes with different 
diameters is shown. In this Figure the larger diameter carbon nanotube AB is joined to a 
smaller diameter nanotube CD through a junction section BC containing a single size 
pentagon B and a single heptagon C. 
In Figure 1, we show examples of (a) (12,0)-(9,0) and (b) (12,0)-(8,0) zigzag 
nanotube junctions, in which the carbon atoms of the pentagon and the heptagon rings are 
indicated by filled circles. All the other polygons in the nanotube junction are hexagons. 
All carbon atoms in the junction have three a sp^ covalent bonds, and there are no sp^ 
covalent bonds in the junction. Thus we can say that the pentagon and heptagon defects 
are topological point defects, associated with the joining of the two nanotubes. The 
positive curvature of the pentagonal ring, as is generally seen in fijllerenes, makes the 
diamcicr of carbon nanotube decrease in going from left to right and the negative 
curvature of the heptagonal ring prevents further decrease in the nanotube diameter. 
Thus, when the difference between the diameters of the two carbon nanotubes becomes 
large, the distance between the pentagon and heptagon also becomes large. 
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(a) 
(b) 
Figure 1. Junctions of (a) (12,0) - (9,0) and (b) (12,0) - (8,0) zigzag nanotubes are shown in which the 
carbon atoms of the pentagon and the heptagon are indicated by filled circles. 
To describe a junction formed by connecting two carbon nanotubes of different 
geometries [i.e. described by different chiral vectors (n, m)], a net diagram is used. In 
Figure 2, a net diagram of a nanotube junction is shown, in which two carbon nanotubes 
are given by the rectangles TABU and RCDS. The smaller tube TABU and the larger 
tube RCDS, are uniquely determined by the chiral vectors, AB and CD, respectively. 
Here a pentagon exists at the site C (or D) and a heptagon exists at A (or B). Since the 
solid angles of a pentagon and a heptagon in the fullerene are ITT' and 2;r + — 
respectively, the sum of the angle on the net diagram around the pentagon and the 
heptagon, indicated by shaded hexagons, should correspond to these angles. This fact 
gives the angle relation: 
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and 
ZACR + ZBDS = 2n-^ = -^ , 
ZCAT + ZDBU = 27r + - = ^ 
> -
(1) 
Figure 2. (a) Net diagram for the joint between two nanotuljes. The chiral vectors for the t^o nanotubes 
are shown by AB and CD . (b) The cone of OALB and (c) its projection is sho^ vr for undersUnding that 
the line AMB is a line of minimum length for going around the surface of the r""» : cone. 
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The three dimensional (3D) structure is obtained by connecting AT to BU, AC to 
BD, and CR to DS through cylindrical surfaces. When we roll up the net diagram to make 
a tube, the chiral vectors ABandCD correspond to the circumferential directions of the 
tubes while the translation vectors A f and CR which are perpendicular toAB and CD, 
respectively, corresponding to the directions of the nanotube axes in three dimensions. 
4.2 Geometrical Analysis 
When side AC is connected to BD in Figure 2, using equation (I), we get: 
Z/4CD + ZBDC = — 
> 
and, AC = BD (2) 
J 
then BD is given by first rotating A C around C by K/3 and then translating by CD. 
Thus, we can connect two carbon nanotubes to form nanotube junction satisfying 
equation 2. 
The polygon, ACDB, in the net diagram [Figure 2 (a)] denotes the joint , which 
connects the two nanotubes. The shape of the joint provides the shape and axes of the 
cone as shown in Figure 2(b) and (c). For the cone, OALB, the line AMB is a line of 
minimum length for going around the surface of cone, in which OM perpendicular to 
AMB satisfies both Figures 2(b) and (c). We assume here that the line AMB and CHD in 
Figure 2 (a) correspond to the minimum lines of the cone surface. This assumption is also 
satisfied for the two tubes, TABU and RCDS, when the lines AMB and CHD are 
minimum in length for going around the nanotube surface. ACDB is a part of cone whose 
vertex is denoted by O in Figure 2(a). The vertex of the cone, O, is defined as the 
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crossing of the two lines OM and OH such that OM and OH are perpendicular bisectors 
of AB and CD, respectively. In three dimensions, the angle of the vertex of the cone is 
defined as 20, as shown in Figure 2(b), where 9 is given by 
e = Sin-' ^O 
voy 
9.594° (3) 
the angle 9 is the angle between the axes of the tube and the axes of the cone in three 
dimensions. If points O, B, and D [in Figure 2(a)] lie on a line, the angle between the two 
axes of the tubes becomes zero, but when the pentagon and heptagon are on the opposite 
sides of the cone surface, then the angle between the two axes of the tube becomes 
29-2x9.594 = 19.19°[15]. 
Here we mention that the path AMB is an ellipse on the cone surface in three 
dimension [Figure 2(b)], while the path AMB is a circle on the nanotube surface. Thus 
we can always expect some distortion arising from the elliptical shape of the cone section 
relative to the circle shape of the nanotube surface. 
If we denote the major and minor axes of the ellipses as "a" and "b", the ratio of 
"b" to "a" is given as a function of 9. After some calculation, b/a is given by: 
b f A -> /7 ^>2 
a 
l + -Sm^0-^tm0 
3 3 (4) 
using the value of 9 from equation (3), we get: 
- - 0 . 9 1 8 
a 
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thus the cross section of the circle at the end of the nanotube is distorted by (1-0.918) = 
0.82 = 8.2% distortion at the junction. But this distortion will not affect the angle on the 
tube or cone surface, because the distortion is perpendicular to the surface. 
4.3 Tunneling Conductance Of Nanotube Junction 
Figure 3 s hows t he c onductance IA^ for t he c arbon n anotube j unctions o f F igure 
1(a) (12,0) - (9,0) and (b) (12,0) - (8,0) zigzag nanotubes. The plots for conductance in 
Figure 3 are made as a function of applied voltage V/t (-0.5 < V/t < 0.5), for two different 
Gaussian broadening values, AE/t- 0.33 (solid lines) and AE/t=0.50 (dotted lines). 
For metallic - metallic nanotube junction [Figure 3(a)], the conductance increases 
with increasing applied voltage. The oscillations in the conductance show resonances in 
the tunneling probability between the two nanotubes. The increase of the conductance 
with increasing V comes from the fact that the resonance tunneling probability is 
proportional t o V, i f t he d ensity o f s tates i s c onstant n ear t he f ermi energy. Again we 
mention that there is no contribution to the conductance from the edge states, which can 
be automatically excluded because their wave functions have no amplitude in the junction 
region. Here we assume that it is only in the junction region that we expect a voltage 
drop. Since this nanotube junction system is so small, we consider the carbon network to 
be in the mesoscopic regime, in which electrons are scattered only in the junction region. 
Tunneling current appears when the energy of the wave fimction to the left of the 
junction coincides with the energy plus eV of that to the right. 
For a metal - semiconductor nanotube junction [Figure 3(b)], there is no 
conductance in the energy gap region for the semiconducting (8,0) nanotube. Since in the 
case of the metal - semiconductor (12,0) - (8,0) zigzag nanotubes, the density of states 
near the fermi energy is smaller than that of the (12,0) - (9,0) system because of the 
absence of a finite density of states for the (8,0) carbon nanotube near the fermi energy. 
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Figure 3. Calculated conductance W for (a) (a) (12,0) - (9,0) and (b) (12,0) - (8,0) zigzag nanotubes 
junction as a function of voltage V in units of \t\, using two different gaussian broadening values. 
The results clearly show that delocalized wave function is present near the fermi level 
only in the metallic nanotube region. Thus it is concluded that a metal - semiconductor 
nanotube junction is well established even in a nanoscale, mesoscopic structure. 
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B. Schottky Diode 
(STM metal tip - carbon nanotube system) 
Under this heading, we analyze a model for observed current voltage (I-V) 
characteristics in an experiment with a scanning tunneling microscope (STM) tip and a 
carbon nanotube [13], which was carried out at room temperature by "Toshishige 
Yamada" in NASA Ames research center, California. 
4.4 Experimental Procedure 
To observe current - voltage (I-V) characteristic, the STM tip was driven forward 
into a film of many entangled nanotubes on a substrate, and then was retracted well 
beyond the normal tunneling range, as shown in Figure 4(A) and (B). 
Contact and adhesion^ 
A 
Figure 4. Schematic of the procedure for measuring nanotube characteristic with a single STM tip. 
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At a distance of ~0.1|am above the surface, there was usually electronic conduction 
between the tip and the film since nanotubes bridged the two regions. At ~ 2 }Am, only 
one nanotube remained occasionally [as shown in Figure 4(B)], and the electronic 
conduction was still maintained. One end of the nanotube continued sticking to the tip 
during retraction, while the other consistently stayed in the film. I-V characteristics for 
this tip - nanotube system showed rectification, i.e., I ^Q only with V < 0, if the tip was 
grounded, as shown in Figure 5, 6,7, and 8. 
I 
touchirg 
Figure 5. I-V characteristic for STM tip- CNT system experimentally. 
We consider that the observed charactcnstics strongly the nature of the tip (metal) 
nanotube (semiconductor) contact. The other end of the nanotube was entangled well 
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into the film, and simply provided good ohmic contact. Experimentally, the tip was not 
placed at the end of the nanotube, but contacted the side of the nanotube so that the tip 
and nanotube surfaces faced each other. Therefore, the tip - nanotube junction s 
approximated well by the traditional planer junction model [16]. 
4.5 Band Diagrams For STM tip - Nanotube System 
The band diagrams for tip - nanotube system are shown in following figures. 
Foi V < 0 
•<k • A . . . ^' 
Figure 6. Schottky forward with V < 0. 
Where On and Op are schottky barriers, EG is the energy band gap and ^ = Eps - Ey, Eps is 
the fermi energy, and Ec and Ey are conduction and valance band edges, respectively, and 
depend on the applied voltage V after the tip is grounded. From Figure 5 and 6, it follows 
that 1^0 only with V < 0, and the nanotube has be n type semiconducting in nature. 
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For V = 0 
m^^i^v.:-; 
\<-. ».,»•.• 
Figure 7. Equilibrium condition with V =0. 
ForV>0 
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Figure 8. Schottky reverse with V > 0. 
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Figure 8 shows a reverse condition with V > 0 with negligible current. We note that 
for p type semiconducting nanotubes, the entire I- V pattern simply shifts to the positive 
V direction. 
Explanation 
(1) Under no biasing (V=0), no current is observed (equilibrium condition, Figure 7). 
(2) When we apply a positive voltage (V > 0) to the semiconductor with respect to 
metal barrier height increases, while schottky barrier remains constant in this 
idealized case. This bias condition is reverse bias, as shown in Figure 8. 
(3) The current mechanism here, however, is due to the flow of majority carrier 
electrons. In forward bias (V < 0), the barrier seen by electrons in the semiconductor 
is reduced, so majority carriers flow more easily from semiconductor to metal, as 
shown in Figure 6. The forward bias current is in the direction from metal to 
semiconductor. It is an exponential ftxnction of the forward bias voltage. 
4.6 Theoretical Analysis 
The nanotube used in the experiment was of the diameter 1.36 nm. Let us check the 
behavior of the tube used in the experiment as follows: 
We consider a nanotube having chirality (17,0), so obviously 
« - 1 7 
m = 0 
The diameter of nanotube is calculated as: 
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n 
here L is circumferential length and is given by: 
L = Q ^JC^.C^ =a^n^-\-m^ + nm 
where "a" is a lattice constant of honeycomb lattice and numerically equal to 2.49 A°. 
Hence, for a nanotube used in the experiment, the circumferential length is 4.233 nm, and 
the diameter is 1.34 nm, the closest value to the experimental value (i.e. 1.36 imi). The 
chirality(«,0)s(l7,0) implies that the nanotube used in the experiment has trans type 
shape of its cross- s ection b elonging t o z igzag t ube families a nd i s s emiconducting i n 
nature [17,4]. 
The STM tip was of the tungsten having work function of 4.5 eV. 
The diode current is given by: 
/^=-/Jexp(-^Fj-l] 
Where VD = diode voltage 
p= inverse temperature (= 1/kT) ~38.61/eV 
lo = maximum current and is given by: 
I„^SA'T'^XY>(-P<I>„) 
where S = STM tip - nanotube overlap area -0.1 nm^ 
A = Richardson constant ~ 10 A/cm^/K^ 
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T = Room temperature (-300 K) 
On = Schottky barrier ~ 0.5 eV (< E g - 0.54 eV) 
Using the data mentioned above, we get: 
Which agrees with the experimental value. 
We calculate range of ID for STM tip- CNT system using VQ ranging from -1V to +1V in 
steps 0.25, as: 
VD ID 
-1 -21.096e-2 
-0.75 
-13.428e-6 
-0.50 
-8.604e-10 
-0.25 
-5.544e-14 
0 0 
0.25 3.564e-I8 
0.50 3.564e-18 
0.75 3.564e-18 
1 3.6e-18 
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The Current- Voltage (I-V) characteristic for STM tip - CNT system is shown below: 
l-V characteristic for STM tip- CNT system 
0.00-
-0.05 -
^ -0.10-1 
c 
<u 
I . 
3 
O -0.15 
-0.20 -
-0.25 
-• •-
1 ' 1— 
•1.0 -0.5 
—1 ' 1— 
0.0 0.5 
—\ ' 
1.0 
Voltage (VJ 
Figure 9. The I-V characteristic for STM tip - CNT, calculated with the Schottky formula. 
For further investigation, S, <!>„, and A* need to be determined experimentally. 
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C. CNTFET (Carbon Nanotube Field Effect Transistor) 
Over the past few years, critical dimensions of silicon MOS devices have 
decreased dramatically. Prototype transistors with gate length in 30- run range have been 
successfully fabricated and were found to exhibit excellent electrical characteristics. 
While there is still some room for further improvements, the consensus is that alternative 
concepts will become necessary at some point in future. Among the materials 
investigated to date, carbon nanotubes field effect transistors (CNTFETs) are one of the 
most promising candidates for future nanoelectronics. 
With the end of silicon transistors scaling, a great deal of research activity is 
currently focused on identifying alternatives which would enable continued 
improvements in the density and performance of electronics information systems. Other 
alternatives for more density and performance of electronics information systems are 
high-dielectric-constant (high-k) gate dielectric, metal gate electrode, double-gate FET, 
and strained-Si FET. High dielectric-constant materials are useful as gate insulators as 
they can provide efficient charge injection into transistor charmels and reduce direct 
tunneling leakage currents. Of the various materials systems and structures being 
investigated carbon nanotubes have shown the promising characteristics. Carbon 
nanotubes are hollow seamless cylinders that can be envisioned as being formed by 
rolling up a finite sized piece of graphite sheet. Depending on how the roll-up of the 
graphite sheet occurs during the growth process, carbon nanotubes can exhibit 
semiconducting as well as metallic character. Moreover, the band gap of the 
semiconducting tubes scales inversely with the tube diameter. The growth process can be 
tuned such that fine control of the tube diameter is achieved thereby forming 
semiconducting tubes with v ery s imilar e lectrical p roperties. G rowth c onditions g iving 
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the best yield produce carbon nanotubes with a diameter of around 1.4nin [18] resulting 
for semiconducting tubes in an energy gap of 0.6 eV. 
With respect to electronics applications the small tube size implies that a high 
packing density of tubes in an array can be achieved in principle. On the other hand, the 
existence of metallic as well as semiconducting nanotubes points towards a fiilly carbon 
nanotubes-based electronics where metallic tubes act as interconnecting wires and semi 
conducting tubes work as active device elements. However, the most important aspect in 
view of the electrical properties of carbon nanotubes is their one-dimensional (Idim) 
character. Carbon nanotube field effect transistors (CNTFETs) are particularly attractive 
due to novel device physics. 
4.7 Structure Of CNTFET 
The Top-gated carbon nanotube field-effect transistors (CNTFETs) have the 
structure similar to that of conventional silicon metal- oxide semiconductor field- effect 
transistors (MOSFETs) with gate electrodes above the conduction channel separated ft-om 
the channel by a thin (15-20 nm) Si02 dielectric, as shown schematically in Figure 14 in 
chapter 3. Top gate CNTFETs, which locate a gate electrode on top of a CNT, are 
advantageous because they can control the earner density in a specific region. A 
CNTFET is the analogue of silicon MOSFET in which SWCNTs replace the silicon 
channel. A CNTFET consists of a SWCNT bridging two electrodes (source and drain). 
For imaging, an atomic force microscopy (AFM) is used in the non-contact mode. 
Figiire 10 shows the AFM image of CNTFET. A CNT is positioned on a silicon 
substrate covered by a Si02 film. The source, gate, and drain electrodes are sequentially 
located on CNT. Each of these electrodes keeps sufficient distance (~ 400 nm) from each 
other to minimize the influence of the gates on the Schottky barriers, which may exist at 
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the source and darin. The distance between the source and drain is l\im. The gate length 
is 210 ran [19]. 
Figure 10. An AFM image of a CNTFET in which an individual CNT bridges the 1 nm gap between the 
source and darin electrodes. 
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4.8 I-V Characteristics Of CNTFET 
Figure 11 shows drain current ID as a function of drain voltage VDS for a CNTFET 
with a CNT diameter of 1.5 nm. Gate voltage VQ applied on the top gate is swept from -
0.6V to 0.6V in steps of 0.2V. Drain voltage VDS is swept in the range - IV < VDS < OV. 
'Substrate voltage VSUB is set to zero, VSUB = OV. Drain current ID at VG = -IV depends 
on VDS almost linearly and reaches as -7.5 .^A at VDS = -IV. Drain current ID decreases as 
VG increases, similar to conventional p-type depletion-mode MOSFETs. 
0 
. VG = o.6y 
VQ: -0.6 V to 0.6 V 
step: 0.2 V 
^_0.6v VsuB = OV 
-0.8 -0.4 
VDS (V) 
0 
Figure 11. Ip as a fimction of VDS for CNTFET with a CNT diameter ofl.Snm. 
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Figure 12 shows a function of VQ at VDS = -IV and VSUB = OV. Drain current ID is 
suppressed (ID « 0) for VG > 0.7V. For Vo < 0.5V, ID increases as VQ decreases. 
Especially, ID depends linearly on VG for -0.2V < VG < 0.5 V. 
—O " 
< 
_P -4 -
0 
1 V • > V. T 1 " — f 1 1 1 '"••"•| 1 
\ VDS = - 1 V • 
• • • • • • • \ 
VsuB = OV -
-
\ g m = 8-7jtS 
1 « ' ' • 1 1 T s A S A 
-1 0 
Ve{V) 
1 
Figure 12. ID as a function of VG at VDS = -1V. 
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The transconductance gm is defined by: 
A/ 
gn '£) AV^ 
and is found to be 8.7 us for the hnear range. For VG <-0.4 V, VQ dependence of ID 
becomes smaller and saturates to ID = -7.5 l^A. It is plausible that parasitic resistance Rp 
dominates the channel resistance in the gate voltage range. Experimentally, Rp = 130 kfl. 
Experimentally observed transconductance gm is smaller than intrinsic transconductance 
g'„ due to the existence of source resistance Rs and is given by: 
a = " 
Thus, 
g' = ^ - = 20us 
by assimiing that the device is so symmetric that Rs is half of Rp. The intrinsic 
transconductance g'„ is foimd be over twice the measured transconductance gm. This 
result s hows t hat t ransconductance c an b e i mproved d rastically b y decreasing parasitic 
resistance. We expect the performance of CNTFETs will advance further by improving 
CNT quality and optimizing device structures. 
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